Patched (Ptc) is a putative twelve transmembrane domain protein that is both a Hedgehog (Hh) receptor and transcriptional target of Hh. In this study, we isolated Xenopus Ptc cDNAs, Ptc-1 and Ptc-2, and carried out comparative analyses on their expression patterns. The putative Ptc-2 protein has a long C-terminal extension that has similarities in both length and sequence to those of Ptc-1 proteins in mouse, chick and human. In both early embryogenesis and hindlimb development, Ptc-2 expression is restricted to cells that receive a Hh signal, a pattern similar to that of Gli-1. Ptc-1, however, shows a broader distribution, mainly non-overlapping with that of Ptc-2. Despite the difference in their expression patterns, both are induced in animal cap explants synergistically by Shh and Noggin, showing a conserved regulation in their activation mechanisms. q
Results
The signalling molecule Hedgehog (Hh) mediates various important cell-cell interactions during invertebrate and vertebrate development (reviewed in Hammerschmidt et al., 1997) . Direct biochemical evidence (Marigo et al., 1996; Stone et al., 1996) suggests that transduction of Hh signals is achieved initially by the reception of Hh proteins by a multiple-pass transmembrane protein patched (Ptc), thereby suppressing the inhibitory effect of Ptc on another transmembrane protein smoothened (Smo) (reviewed by Ingham, 1998) . In addition, since Ptc expression is up-regulated in response to Hh activity, Ptc is believed to limit the range of Hh action by sequestering any free Hh proteins (Chen and Struhl, 1996; Goodrich et al., 1999; Lewis et al., 1999b) . Drosophila has a single Ptc gene, but there are at least two types of Ptc genes in vertebrates (Concordet et al., 1996; Takabatake et al., 1997; Lewis et al., 1999a; Carpenter et al., 1998; Smyth et al., 1999; Zaphiropoulos et al., 1999) .
Here we present the molecular cloning and the spatiotemporal expression characteristics of possible Xenopus orthologs, Ptc-1 and Ptc-2. The open reading frames of Xenopus Ptc-1 (Xptc-1) and Ptc-2 (Xptc-2) are predicted to encode 1258 and 1413 amino acids, respectively (Fig.  1A) . The overall amino acid identity between Xptc-1 and Xptc-2 is 63%. Like all the other Ptc proteins, both Xenopus Ptc proteins are predicted to contain 12 hydrophobic membrane-spanning domains with two large extracellular loops. Both Xenopus proteins have eight cysteine residues, conserved in all the other Ptc proteins and exhibit extensive similarity (36% identical in Xptc-1 and 34% identical in Xptc-2) in a region containing ®ve predicted transmembrane domains 2±6 to a potential sterol-sensing domain in Niemann-Pick type C protein, that has been implicated in intracellular traf®cking of cholesterol Loftus et al., 1997; Johnson and Scott, 1998) . The most obvious structural difference between the two Xenopus proteins is the C-terminal extension present in Ptc-2. Whereas Ptc-1, but not Ptc-2, has a C-terminal extension in mouse, chick and human, phylogenic analysis (Fig. 1B) clearly indicates close relationships of Xptc-1 to Ptc-1 proteins in mouse, chick and human. Like zebra®sh Ptc-2 (ZFptc-2), Xptc-1 lacks the C-terminal extension. On the other hand, Xptc-2 shows highest similarity (80% identical) to zebra®sh Ptc1 (ZFptc-1). Although Xptc-2 has a long C terminal cytoplasmic domain similar in both length and sequence to those of Ptc-1 proteins in mouse, chick and human (Fig. 1A) , the overall amino acid sequence of Xptc-2 is less similar to Ptc-1 (about 60% identical) than to Ptc-2 (about 70% identical) proteins in mouse and human.
In addition, Xptc-2 has only two putative glycosylation sites, like ZFptc-1 and Ptc-2 proteins in mouse and human, while Xptc-1 has an additional three sites that are conserved among ZFptc-2 and Ptc-1 proteins in mouse, chick and human (Fig. 1A) . Judging from these character- Residues shaded with pink are conserved cysteine residues that are conserved also in Ptc proteins in other species. Yellow shading indicates potential N-glycosylation sites that are conserved between Xenopus Ptc-1 and Ptc-2. Light blue shading indicates the sites that are conserved among Xenopus Ptc-1, human Ptc-1, mouse Ptc-1, chick Ptc-1 and Zebra®sh Ptc-2. Dots under the Xenopus Ptc-2 sequence represent the identical residues within C terminal cytoplasmic domain among Xenopus Ptc-2, human Ptcistics, Xptc-1 appear to be the ortholog of ZFptc-2 and Ptc-1 in mouse, chick and human, and Xptc-2 would belong to the same or closely related class of Ptc-2 in mouse and human. These data suggest that a common ancestral form of the two types of Ptc proteins might have had a long C-terminal extension that was eliminated from some Ptc proteins after gene duplication during vertebrate evolution.
The temporal expression of Xptc-1 and Xptc-2 in normal development ( Fig. 2A ) and adult tissue distribution ( Fig.  2B ) were analyzed by RT-PCR. In these experiments, we compared their expression patterns to those of Xenopus Hh genes, Shh, Bhh and Chh (Ekker et al., 1995) to examine the correlation of Ptc expression on Hh activities. Consistent with Ekker et al. (1995) , Hh mRNAs were detected after mid-blastula transition (MBT) with signi®cantly weaker levels of Bhh in embryos than in adult tissues; similar signal intensities of Bhh required four additional PCR cycles in Fig. 2A compared to those in Fig. 2B . While Xptc-2 expression was detected only zygotically, the presence of a significant amount of maternal transcript was noted with Xptc-1. The maternal transcript was probably present uniformly in early embryos, as suggested by RT-PCR analysis on dissected embryonic regions (data not shown). Similarly, Xptc-1 was widely distributed in all adult tissues examined.
The spatial expression pattern was also analyzed, using whole-mount in situ hybridization. At midneurula stages (stage ,14), Xptc-1 was expressed mainly throughout the neural plate outside the midline (Fig. 3A,V) whereas expression of Xptc-2 was observed as longitudinal stripes immediately adjacent to the midline (Fig. 3D) , similarly to Gli-1 expression (Fig. 3J) . A transverse section of a stained midneurula embryo showed that Xptc-2 was also expressed in somitogenic mesodermal cells proximal to the notochord (Fig. 3W) . At tail bud stages (stage 26±30), Xptc-1 expression was detected in the dorsal aspect of the neural tube especially in the midbrain and hindbrain, sensory organs (olfactory placode, optic vesicle, otic vesicle), cranial neural crest derivatives (branchial arches, cranial ganglia), the excretory system (pronephros, proctodeum), around the tail bud, and very weakly in the dermatome in each somite and in the epidermis (Fig. 3B,C,S,X) . In a pattern reminiscent to Gli-1, Xptc-2 was expressed in cells adjacent to the Shh (compare Fig. 3T and 3U) . At stage 26, both Xptch-2 and Gli-1 were expressed relatively broadly in somites in a graded manner with the highest levels at the posterior end along the rostral-caudal axis and proximal to the notochord (Fig. 3E,K) . At stage 31, the expression of both genes was more restricted to the cells closest to the notochord (Fig.  3F,L,Y) . In contrast, we found that Gli-3 expression was down-regulated in somites during these stages, leaving an expression that was complementary to those of Gli-1 and Xptc-2 (Fig. 3Q,R) . In the neural tube, Xptc-2 was expressed more ventrally than Xptc-1, but the expression did not extend into the¯oor plate (Fig. 3X,Y) .
Expression patterns of Xptc-1 and Xptc-2 during hindlimb development also differed signi®cantly (Fig. 4) . Initial hindlimb expression of Xptc-1 was detected predominantly throughout the surface ectoderm (Fig. 4 inset) in a graded manner with highest levels in the distal limb buds (,stage 52). As limb outgrowth proceeded (stage 52±55), the surface expression became weaker, leaving a strong expression in the anterior proximal region. At later stages, strong expression of Xptc-1 was observed in all the interdigital regions. Unlike Xptc-1, interdigital expression of Xptc-2 was prominent only in the most posterior one. In earlier limb buds, Xptc-2 expression was similar to that of Gli-1. As in embryos, the expression domains of Xptc-2 and Gli-1 were closely correlated with Shh expression at the posteriordistal mesenchyme. In addition, both were expressed in the mesenchyme as three stripes along the anterior-posterior axis at stages 52±53. To examine the possibility that these stripes may re¯ect the expression of Hh genes other than Shh, we analyzed the expression of Bhh and Chh. No significant signal for Chh could be detected in limbs at least during stages 51±56, while Bhh was expressed as several clear spots during stage 51±53. Bhh expression changed from sites proximal to distal as limb outgrowth proceeded. Subsequently Bhh was expressed in mesenchyme surrounding the digital primordia (stage ,55) and as a single spot in each digital mesenchyme (stage ,56). It is possible that the three stripes of Xptc-2 expression at stages 52±53 correlate with the spot-like expressions of Bhh. The number of spots along the proximo-distal axis corresponds to the number of the main cartilaginous elements in the adult limb. It is interesting to note that Bhh is most similar to Ihh among mouse Hh proteins (Ekker et al., 1995) , which plays crucial roles in the regulation of chondrogenic development in higher vertebrates (Vortkamp et al., 1996; St-Jacques et al., 1999) .
To address whether the transcription of Xenopus Ptc genes were activated in response to Hh activity, we examined their expressions in animal cap explants injected with changing amounts of Shh mRNA. In this experiment, we conjugated the cap expressing Shh mRNA with one expressing Noggin mRNA. Since both Ptc genes were expressed most eminently in the anterior neural tissues, we decided to inject Noggin mRNA in order to induce anterior neural tissues in the animal caps (reviewed in Sasai and De Robertis, 1997) .
Like the newt Ptc genes Sakuma et al., 1999) , the expression of both Xenopus Ptc genes was weakly detected in control uninjected caps and conjugates, and was up-regulated in response to Hh activity (Fig. 5) . In addition, we found a synergistical effect of Shh and Noggin on Ptc induction. Unexpectedly, both Ptc genes, together with Shh and Gli-1, were weakly induced in the animal cap explants (data not shown) and conjugates misexpressing noggin alone. We con®rmed that Noggin could also upregulate the expression of newt Ptc genes weakly in newt animal cap explants (data not shown). The expression of both Ptc genes was activated most strongly in the conjugate with the highest dose of Shh (1 ng), although Xptc-1 Half of indicated amounts of Noggin and/or Shh RNA was injected into the animal pole bilaterally at the two-cell stage. At the late-blastula stage (7 h after fertilization), animal caps were isolated, cultured alone or conjugated. They were cultured until the sibling control embryos reached stage 26. The lane labeled`Embryo' is total RNA from stage 26 embryos used as a positive control. The lane marked Control' contains all the ingredients of`Embryo' except for reverse transcriptase. Endogenous transcripts of Shh was ampli®ed using primers corresponding to the 5 H untranslated sequences of Xenopus Shh, that were absent within the injected mRNA.
responded to Hh signal only weakly compared with the response of Xptc-2. On the other hand, Pax-6 expression was clearly induced by noggin and was suppressed in the conjugate with the highest or a tenfold lower dose of Shh.
Experimental procedures

Isolation of Xenopus Ptc cDNAs
PCR fragments of Xenopus Ptc genes were initially isolated from cDNA synthesized using tailbud RNA as a template. Four kinds of cDNAs obtained were designated as Ptc-1, Ptc-1 H , Ptc-2 and Ptc-2 H , based on the similarities with mouse Ptc genes. Ptc-1 and Ptc-1 H as well as Ptc-2 and Ptc-2 H have strong similarities with each other (96.9 and 94.6%), suggesting that Ptc-1 H and Ptc-2 H are pseudovariant genes of Ptc-1 (Xptc-1) and Ptc-2 (Xptc-2), respectively. Xptc-1 (4.96 kb) and Xptc-2 (4.76 kb) cDNAs were isolated from a Xenopus neurula cDNA library (Yamada et al., 1999) using modi®ed enrichment procedures (Takabatake et al., 1996) . Xptc-1 cDNA had a frameshift mutation, revealed by comparison with RT-PCR products of the corresponding region, which was caused by one base (adenosine) insertion within a 7-base stretch of adenosines (nucleotides 1073± 1079). The accession numbers for Xptc-1, Xptc-1 H , Xptc-2 and Xptc-2 H are AB037686, AB037687, AB037688 and AB037689, respectively.
